Abstract Imeglimin is a novel agent currently in development to treat type 2 diabetes. Laboratory studies have demonstrated that it has the potential to impact the three main pathophysiologic components of type 2 diabetes: impaired glucose uptake by muscle tissue, excess hepatic gluconeogenesis, and increased beta-cell apoptosis. Preliminary human studies that have been published within the last 2 years demonstrate that imeglimin improves hemoglobin A1c and fasting plasma glucose similarly when compared with metformin and with sitagliptin. There has also been a low incidence of adverse effects, especially hypoglycemia, reported in these early human studies. Currently, imeglimin is lacking long-term evidence to demonstrate any effects on its cardiovascular safety, and data on morbidity and mortality, though some studies are currently in progress. There is great potential for imeglimin, if FDA approved, to play a significant role in the type 2 diabetes management algorithm.
Introduction
Type 2 diabetes (T2DM) is a widespread disease, affecting more than 380 million people worldwide, with projections that it will include more than 590 million people across the planet by 2035 [1] . To address this global concern, significant amounts of time, effort and money have been allocated to treatment, prevention and education by many entities, including private and public organizations. Despite best efforts, the prevalence of T2DM continues to rise, especially considering the increased aging population, increasing obesity rates and larger numbers of high-risk ethnic groups [2] . Additionally, the physiologic and progressive nature of diabetes requires a combination of lifestyle modifications and pharmacologic therapy in order to achieve and maintain long-term glycemic control. The primary physiologic defects of T2DM include excessive hepatic glucose production, diminished peripheral glucose uptake by insulin sensitive tissues and inadequate insulin secretion [3] . This article will introduce and review a new potential pharmacologic agent, imeglimin, comparing its basic and clinical activity to that of other widely used medications.
In general, pharmacologic therapy includes not only initial antihyperglycemic agents, but also more intensive approaches to glycemic control over time, often requiring multiple medications with synergistic mechanisms of action [4] . At first glance it seems that there are sufficient numbers of therapeutic classes of agents to treat T2DM, with each class varying in mechanism, safety, efficacy and route of administration; however, few drugs target all three of the main defects associated with T2DM, which is why complex medication regimens are often required to achieve glycemic control. Metformin is widely recognized as firstline therapy in multiple treatment algorithms, and is known to work primarily by limiting hepatic glucose production, one of the key defects of T2DM [3] [4] [5] . Metformin has a long track record of efficacy, minimal weight gain and low risk of hypoglycemia. Despite the potential benefits of metformin, some patients cannot tolerate the gastrointestinal (GI) side effects associated with this drug [3] . Insulin secretagogues, such as sulfonylureas and meglitinides, are also frequently used early in the treatment of a patient with diabetes as they generally elicit clinical efficacy in the short term; however, they have been noted to fail to maintain efficacy over time. While the secretagogues are targeting one of the component defects of T2DM by stimulating endogenous insulin secretion, they are often associated with hypoglycemia and weight gain, thus limiting their use. Thiazolidinediones target a third aspect of the physiologic defects of the diabetic patient by increasing insulin sensitivity in the periphery and have shown sustained durability of effect and infrequent incidence of hypoglycemia; however, they, too, have side effects that possibly limit their use, such as edema and weight gain [6] .
Newer classes of antidiabetic agents that target the incretin hormones, such as glucagon-like-peptide-1 (GLP-1) receptor agonists and dipeptidyl-peptidase-IV (DPP-IV) inhibitors, have recently achieved a presence in the landscape of antihyperglycemic drugs. GLP-1 receptor agonists, delivered via subcutaneous injection, promote glucose-dependent insulin secretion, inhibition of inappropriate post-prandial glucagon secretion and slowed gastric emptying to achieve glycemic control. While they are not often associated with hypoglycemia and generally induce some weight loss, the GLP-1 receptor agonists are often poorly tolerated because of nausea and increased risk of pancreatitis. Additionally, the FDA has issued a boxed warning identifying the risk of medullary thyroid cancer with the GLP-1 receptor agonists [7] . DPP-IV inhibitors also work on incretin hormones by blocking the enzyme that is responsible for degrading endogenous GLP-1, allowing for higher concentrations of GLP-1 to exert its action; however, it should be noted that glycemic effects are generally less significant with the DPP-IV inhibitors compared with the exogenous GLP-1 receptor agonists. DPP-IV inhibitors, unlike GLP-1 receptor agonists, are administered orally and generally have good patient tolerability and a low incidence of hypoglycemia; however, the overall efficacy in glucose reduction is minimal compared with other classes [8] . Selective sodium glucose cotransporter 2 (SGLT-2) inhibitors are the newest agents to gain approval for the treatment of T2DM. This class has a unique mechanism of action that does not target the pathology of diabetes, but works by increasing glucose excretion in the urine. These agents are not associated with weight gain or hypoglycemia, but are known to cause an increase in genital and urinary tract infections for both men and women [9] . Insulin therapies are by far the most efficacious agents for glycemic control and directly target insulin deficiency/insufficiency. Insulin does not have dose limitations or other side effects seen with non-insulin therapies, but does have a significant risk of hypoglycemia and weight gain, and patients are generally averse to starting insulin therapy early on in the course of their disease [3] .
After reviewing these agents used for the treatment of T2DM, it is evident that no single agent targets the three primary defects of this widespread disease. Imeglimin is a drug currently in development as the first in a new class of oral antidiabetic agents acting on both insulin resistant organs and well as pancreatic beta cells. Although the precise mechanism of action has not been fully understood, it appears, based on pre-clinical results, to target several components of the pathology of T2DM. In rodent studies, it has been shown to reduce fasting plasma glucose (FPG), reduce hemoglobin A1c (A1c) and inhibit hepatic glucose production similar to metformin. Imeglimin has also been associated with stimulation of skeletal muscle glucose uptake, protection against beta-cell apoptosis, and reduction of liver steatosis. Lastly, imeglimin has been shown to perform similarly to DPP-IV inhibitors with respect to glucose-dependent insulin secretion [10] . Researchers hope this drug will add to the arsenal of existing antidiabetic agents as either an alternative or complementary option in any stage of the disease.
Laboratory Studies
Imeglimin is a novel agent unlike any other preexisting therapy for T2DM on the basis of its structure and proposed mechanism of action. Imeglimin is the first in the class of drugs called the ''glimins'' and, more specifically, is a tetrahydrotriazene compound [11] . Animal studies, primarily in rodent models, have been previously published describing the effects of imeglimin on three primary pathophysiologic defects associated with T2DM.
One such target defect of T2DM is excessive hepatic glucose production, and has been evaluated in rat hepatocytes with chemically induced T2DM [11] . Hepatocytes that were exposed to imeglimin versus placebo demonstrated a statistically significant decrease (p \ 0.01) in the level of gluconeogenesis activity. This effect on hepatic glucose production appeared to be dosage dependent, with the highest imeglimin concentrations eliciting inhibitory activity similar to the level of efficacy of metformin, as seen in previous trials.
The second physiologic target of imeglimin is skeletal muscle glucose uptake, which has been evaluated with both in vitro and in vivo studies in rodents. In vitro studies involving isolated mouse tissue cells demonstrated a statistically significant and dose-dependent improvement (p \ 0.001) in glucose uptake when exposed to imeglimin and glucose in their growth medium [11] . In in vivo studies, rats with chemically induced T2DM were administered oral doses of imeglimin and monitored for a 45-day treatment period. When radioactive glucose was administered to the rats, skeletal muscle uptake of these glucose molecules were monitored and recorded. Glucose uptake with all doses of imeglimin was significantly higher (p \ 0.01) compared with controls even at the lowest dose.
The protective effect of imeglimin against beta-cell apoptosis was also tested in rats, and its effects were compared with those of exenatide, an agent known to have beta-cell protection. Isolated rat islet cells were incubated in either imeglimin or exenatide and then exposed to toxic cytokines, and the proportion of cell death was measured and compared [11] . Although no statistical significance was reported, 37 % less cell apoptosis occurred in islet cells incubated in imeglimin versus 29 % less cell death with exenatide exposure. These results are comparable, suggesting that imeglimin does provide some protective effects towards the beta cells of rat pancreas tissue.
Most promisingly, rat subjects with either chemically or genetically induced T2DM showed dose-dependent improvements in A1c, glucose tolerance and FPG that were comparable with metformin after a 35-day treatment with oral forms of each drug [11] . These results further support the theory that imeglimin provides similar benefit in multifaceted ways when compared with the existing treatment modalities for T2DM.
Lastly, a study of rodents fed high-fat, high-sucrose diets who received 6 weeks of imeglimin therapy also indicated significant reduction of glycemia, restoration of normal glucose tolerance, improved insulin sensitivity in liver and skeletal muscle as well as reduction of liver steatosis [12] . Unlike previous studies, however, Vial et al. [12] found that these larger effects are likely produced by improvement in hepatic mitochondrial functioning. Vial proposed that imeglimin induces an increase in mitochondrial phospholipid composition which decreases the production of reactive oxygen species and contributes to improved functioning.
Moving forward from animal studies, four human trials have recently been published that demonstrate how imeglimin fares as monotherapy as well as adjunctive therapy with metformin or sitagliptin.
Clinical Studies
With respect to human studies, data are somewhat limited as imeglimin is still in clinical trials. Pacini et al. [13] completed a study to explore whether beta-cell function could contribute to the mechanism of action of imeglimin. In a double-blind, randomized, placebo-controlled study of 33 patients with T2DM (A1c 6.8 ± 0.1 %) who were either treatment naïve (n = 4) or had only been managed with metformin (n = 29), 7 days of imeglimin treatment significantly raised the insulin secretory response (ISR) to glucose by 112 % (p = 0.035), first-phase ISR by ?110 % (p = 0.034) and second-phase ISR by ?29 % (p = 0.031) [13] . Imeglimin also improved beta-cell glucose sensitivity by 36 % (p = 0.034). The authors felt that these results were similar to preclinical studies and indicate direct effects on beta-cell function, and the mechanisms at this level require elucidation.
Pirags et al. conducted two phase II studies with different durations to (1) unravel the best drug regimen between once daily versus twice daily administration and (2) demonstrate the potential range of the active dose of imeglimin. The 4-week study was a randomized, doubleblind, double-dummy, three-arm parallel-group, multipledose study performed in Germany [11] . Fifty-nine subjects that were treatment naïve or treated with either metformin or sulfonylurea were randomized to study doses of imeglimin 2000 mg every evening, imeglimin 1000 mg twice daily, or metformin 850 mg twice daily. The 4-week study demonstrated that the most notable decrease in area under the curve (AUC) plasma glucose after an oral glucose tolerance test was with imeglimin twice daily (p \ 0.0001), followed by metformin (p \ 0.0004) [14] . There was no significant difference between the metformin and imeglimin twice daily group (p = 0.8321). First-phase insulin secretion, AUC 0-30 min insulin/AUC 0-30 min glucose increased with both imeglimin twice daily by 72 % and metformin by 38 % compared with baseline.
The second study by Pirags et al. was performed over 8 weeks as a randomized, double-blind, four-arm, controlled, multi-center study performed at seven sites in Latvia [11] . One hundred twenty-eight patients were randomized to imeglimin 500 mg twice daily, imeglimin 1500 mg twice daily, metformin 850 mg twice daily, or placebo. This study demonstrated that imeglimin 1500 mg twice daily, but not imeglimin 500 mg twice daily, was significantly superior to placebo in reducing plasma glucose AUC 0-6 h , but not significantly different when compared with metformin. Although not statistically significant, FPG decreased in both imeglimin 1500 mg twice daily and metformin 850 mg twice daily groups from baseline values, 172.26 and 169.38 to 154.26 and 144.72 mg/dl, respectively [14] . The ratio of AUC insulin/ AUC glucose increased during the study in both imeglimin and metformin treatment groups compared with placebo, indicating an increase in insulin secretion.
In both studies, although the incidence of adverse events was quite different, imeglimin was generally well tolerated, with the most frequent adverse effects being headache and GI-related side effects, some of which include nausea, vomiting, and diarrhea. No serious or severe adverse effects, including echocardiographic and vital signs changes, were noted with imeglimin [14] .
In a 12-week multi-center, randomized, placebo-controlled, parallel study conducted by Fouqueray et al., 156 patients were randomized 1:1 to receive imeglimin 1500 mg twice daily or placebo in addition to a lead-in dose of metformin [14] . The mean metformin dose of approximately 1900 mg/day remained the same throughout the study for both treatment arms. By the completion of the study, A1c decreased by 0.65 % in the imeglimin group and by 0.21 % in the placebo group (p = 0.001) from a baseline A1c of 8.5 and 8.6 % in the imeglimin and placebo arms, respectively [14] . Additionally, there were statistically significant reductions in FPG (p \ 0.001) and the proinsulin/insulin ratio (p = 0.007) from baseline compared with placebo. Greater than 60 % of patients in the imeglimin group achieved a decrease in A1c of C0.5 % compared with 36.4 % in the placebo group. Around 14 % of subjects receiving imeglimin achieved an A1c of \7 % compared with only 3.8 % of participants in the placebo group.
Overall, imeglimin was well tolerated without any serious cardiovascular events or adverse events. Of note, there were no statistically significant changes in mean body weight (p = 0.08) and waist circumference (p = 0.053) in the imeglimin versus placebo group [14] . This study demonstrated that in combination with metformin, there were clinically and statistically significant reductions in the A1c, FPG, and proinsulin/insulin ratio. Additionally, this novel drug in a class of its own can be offered as an add-on therapy with metformin as a potential alternative to other second-line agents.
Fouqueray et al. also assessed the safety and efficacy of add-on imeglimin therapy in patients inadequately controlled on sitagliptin monotherapy in a 12-week, 29-center, three-country, randomized, double-blind, placebo-controlled, parallel study of 170 subjects with T2DM [15] . The researchers conducted a 12-week run-in period in which all subjects were converted from current therapy (10 % were treatment naïve vs. a 90 % majority on metformin therapy) to sitagliptin 100 mg/day for 10 weeks, followed by 2 weeks of sitagliptin and placebo. Baseline labs were drawn at the end of this 12-week run-in period, and patients were then randomized to receive sitagliptin 100 mg/day plus imeglimin 1500 mg twice daily or placebo. Monitoring was carried out at baseline and at weeks 4, 8 and 12. There was a statistically significant difference in change in A1c from baseline (baseline A1c of 8.5 %) in the sitagliptin ? imeglimin group (-0.6 %) compared with the sitagliptin ? placebo group (?0.12 %) (-0.72 % difference; p \ 0.001) and in FPG (-16.75 mg/dl vs. -1.98 mg/ dl; -14.77 mg/dl difference; p = 0.014). Larger reductions in A1c were seen in patients with higher baseline A1c (-0.9 % with baseline A1c of[9 %). There was no significant difference between the groups with regard to beta-cell function parameters, as was expected: insulin (uIU/ml), c-peptide (ng/ml), proinsulin/insulin ratio and/or homeostatic model assessment of insulin resistance. No significant differences from baseline to week 12 between groups were identified with respect to triglycerides, C-reactive protein or systolic blood pressure. Weight and waist circumference were not impacted in the combination group compared with sitagliptin alone as seen in prior studies (reduced parameters) [11] . There were no reported hypoglycemic events reported in the combination group. Additionally, there were fewer adverse events in the imeglimin group versus the placebo group [seven events in three subjects (one requiring rescue therapy) in placebo vs. none in the imeglimin group] [15] . As in the previously mentioned study with metformin, this study demonstrated that imeglimin is well tolerated and efficacious in reducing A1c when added to sitagliptin monotherapy, making it a potential complement to either metformin or sitagliptin for the treatment of T2DM. See Table 1 for a summary of study evidence.
Discussion and Conclusions
Despite all of the promising preliminary information currently available, further evidence is needed to support the long-term safety of imeglimin and ultimately result in its FDA approval. Currently, there is one known study involving imeglimin that has been completed, but its results are yet to be published. This study is a randomized, prospective, placebo-controlled trial based in Latvia that intends to assess both efficacy and safety endpoints with 24 weeks of imeglimin treatment [16] . Patients included in this trial may be either treatment naïve or have been previously treated with oral monotherapy. Trials assessing the safety and efficacy of imeglimin with insulin therapy or compared directly with insulin are yet to be published.
Ultimately, the place that imeglimin will have in the current T2DM treatment algorithm is unknown. At this time, there are no available data that investigate the impact of imeglimin on morbidity and/or mortality in patients with T2DM. More data that support the long-term safety of imeglimin are necessary as well. However, based on the results of the animal studies and human trials that have been published recently, imeglimin seems to be a promising adjunct, or even a potential initial monotherapy agent, in treating T2DM.
